Purpose: To describe the age-related changes in with-the-rule (WTR) and oblique keratometric astigmatism (KA), posterior corneal astigmatism (PCA) and total corneal astigmatism (TCA). Methods: We used a Pentacam HR (high-resolution) rotating Scheimpflug camera to determine the KA, PCA and TCA in the right eyes of 710 patients, aged from 20 to 88 years. The age-related changes along the vertical, horizontal and oblique meridians were analyzed with Naeser 0 s polar value method in a crosssectional study. Results: In the whole group, all meridional astigmatic powers and polar values were stable in the age groups from 20 to 49 years, followed by a 1.0 dioptre (D) against-the-rule (ATR) change in KA and TCA, and a 0.12 D reduction in against-the-rule PCA. A nasal rotation of the steep meridian in KA and TCA was noted in the 70-88 years old. The PCA averaged approximately 0.25 D ATR in all age groups. Females displayed the same early astigmatic stability as in the whole group, while male eyes demonstrated a linear decay from 1.5 D WTR at 20 years to 0.5 D ATR astigmatism for the oldest patients. Conclusion: Corneal astigmatism is stable until the age of 50 years; thereafter both keratometric and total corneal astigmatism show a 0.25 D ATR change per 10 years. The average 0.25 D ATR PCA compensates the predominant keratometric WTR astigmatism in the younger patients and increases the TCA in the elderly with keratometric ATR astigmatism. The gender-based differences in age-related astigmatism require further studies.
Introduction
Traditional and simulated keratometry measure anterior corneal curvature only. To calculate the total corneal power, the average contribution of the corneal thickness and posterior curvature is accounted for through the use of a 'keratometric' refractive index, ranging from 1.3284 to 1.3375 (Rabbetts 2007; Gutmark & Guyton 2010; Naeser et al. 2016) .
Newer technologies, such as Scheimpflug camera imaging (Koch et al. 2012; Savini et al. 2014; Tonn et al. 2015; Naeser et al. 2017) , optical coherence tomography (Ueno et al. 2014 ) and specular reflections (Klijn et al. 2016) , measure keratometric astigmatism (KA) and posterior corneal astigmatism (PCA) separately. These methods may also provide a total corneal astigmatism (TCA), based on Snell 0 s law (Koch et al. 2012; Savini et al. 2014; Tonn et al. 2015; Klijn et al. 2016; Fredriksson & Behndig 2017; Nae et al. 2017) .
The direction of the steep anterior corneal meridian has been shown to change from a vertical to a more horizontal position with age in several studies (Bennett 1984; Hayashi et al. 1995 Hayashi et al. , 2015 Hayashi et al. , 2017 Gudmundsdottir et al. 2000 Gudmundsdottir et al. , 2005 Asano et al. 2005; Wakefield et al. 2016) . Recently, this change from a with-the-rule (WTR) astigmatism in the younger age to a later against-the-rule (ATR) astigmatism has been documented also in studies based on TCA (Ho et al. 2010; Koch et al. 2012; Ueno et al. 2014; Tonn et al. 2015) . This natural ATR drift is important in cataract and refractive surgery, as an elimination of WTR astigmatism in the younger may evoke ATR astigmatism later in life.
The aim of this study was to provide a more complete description of the age-related changes in astigmatism, recorded along the vertical, horizontal, nasal and temporal meridians. Keratometric astigmatism (KA), PCA and TCA were measured with a high-resolution rotating Scheimpflug camera (Pentacam HR, Oculus, Wetzlar, Germany) . For each of these modalities, we calculated the change not only in WTR/ATR astigmatism, but also in the oblique astigmatism, causing a nasal or temporal rotation of the astigmatic meridian.
Materials and Methods
We have previously reported measurements for corneal spherical (Naeser et al. 2016) and astigmatic (Naeser et al.2017) power in the same general group of 951 patients, aged from 6 to 92 years at the time of the examination. Only one eye for each patient was included. For this study, we used only the right eyes of 726 patients. From this group, we further excluded the 12 patient younger than 20 years, and the four patients aged 90 years or more.
We retrospectively reviewed the medical records of the resulting 710 patients examined with a rotating Scheimpflug camera (Pentacam HR, software version 1.20r10) between April 2010 and November 2014 . Each of the included eyes was only measured once. The sample included consecutive patients undergoing preoperative screening for corneal refractive surgery and preoperative biometric measurements for cataract surgery, patients with glaucoma, ocular hypertension or minor refractive disorder. Exclusion criteria were any previous ocular surgery, keratoconus, any corneal disease and use of soft contact lenses within one month and hard contact lenses within 2 months. Examined eyes were labelled as 'normal' and enrolled, on condition that the quality specification provided by the Pentacam instrument was 'OK'. All required data were automatically exported by the Pentacam into a Microsoft Excel (Version 2013) spreadsheet for further analysis.
The study was conducted in accordance with the ethical standards stated in the Declaration of Helsinki and approved by the GB Bietti Fondazione IRCCS Clinical Research Ethics Committee. Informed patient consent was obtained after explanation of the nature and possible consequences of the study.
Measurements
Examinations were performed under mesopic conditions in automatic release mode, as previously described (Naeser et al. 2016 (Naeser et al. , 2017 . Sagittal 25-picture scans within the central 3 mm zone and centered on the corneal apex were used for all types of astigmatism. For each type, the astigmatism was defined as the difference between the orthogonal meridians of maximum and minimal power. The rotating Scheimpflug camera provided the following three categories of corneal astigmatism values: Keratometric astigmatism (KA). For this purpose, the rotating Scheimpflug camera uses the data obtained from the anterior axial curvature map. The anterior corneal radii (r) are converted into dioptric power (P) using the paraxial formula P = (n KA À n air )/ r Ant. In this equation, n KA (=1.3284) is the keratometric index of refraction for equivalent corneal power (Naeser et al. 2016) , n air = the refractive index of air = 1.0 and 1/r Ant is defined as the anterior corneal surface curvature. Posterior corneal astigmatism (PCA) is calculated as PCA = (n Aq À n C )/r Post . In this equation, n Aq = assumed refractive index of the aqueous = 1.336, n c = assumed refractive index of cornea = 1.376, r Post = posterior corneal radius of curvature, while 1/r Post is the posterior corneal curvature (Rabbetts 2007) . Total corneal astigmatism (TCA) is the difference between the total corneal refractive power of the principal meridians. The rotating Scheimpflug camera, which measures the corneal thickness and curvatures of both surfaces, automatically calculates this value using Snell 0 s law and the specific indices of refraction of air, cornea and aqueous humour. Total corneal astigmatism (TCA) takes into account the slope of the surfaces, and the exact location of the refraction.
Polar value analysis of corneal astigmatism
A net astigmatism is given as (M @ a) or M along a, where M is the astigmatic power in dioptres (D) and a is the astigmatic direction in degrees (Naeser 2008) . This general format can be used to characterize a single astigmatism, but it cannot be used for calculations, which require transformation to components, such as Naeser (2008) polar value system.
According to the sine-squared correlation (Naeser & Hjortdal 2006) , the astigmatic power along a random meridian Φ is given as
Therefore, the astigmatic components along the horizontal and vertical meridians are reported as:
KPð90Þ ¼ the polar value along 90 degrees, is defined as the difference between P 90 and
This polar value is positive for anterior and total corneal WTR astigmatism with steep meridians ranging from 45 to 135°, but negative for ATR astigmatisms of steep meridians from zero to 45°a nd from 135 to 180°. KP (90) is zero for meridians oriented along 45 and 135°. The posterior cornea exerts negative power along both principal planes due to its negative refractive index gradient. In this concept, steep posterior corneal meridians ranging from 45 to 135°t herefore exert a ATR (negative) optical effect, while horizontal steep meridians give rise a WTR (positive) refractive astigmatism.
The astigmatic powers along the oblique meridians are calculated as:
KPð135Þ ¼ the polar value along 135 degrees, is the difference between P 135 and
This polar value is positive for temporal meridians ranging from 90 to 180°, and negative for nasal meridians from zero to 90°. KP (135) 
Results
Among the 710 enrolled patients, there were 271 males and 439 females. Their ages ranged from 20 to 88 years and averaged 51.5 years with a standard deviation of 18.0 years. The central corneal thickness measured over the corneal apex averaged 547 lm (AE33 lm). There was no significant correlation (r = À0.028) between this central corneal thickness and the WTR/ATR component expressed as the keratometric polar value along 90°.
The age distribution among the seven decades from 20 to 89 years is detailed in Table 1 . Astigmatism powers (without considering astigmatic direction) decreased and both anterior and posterior corneal surfaces became more spherical in the 70 to 89 years old (Table 1) . However, TCA power remained constant for all ages.
For net astigmatisms -showing both astigmatic magnitude and meridian -all three astigmatism measurements were relatively stable in the age groups from 20 to 49 years, followed by an ATR change for KA and TCA, and a reduction in ATR astigmatism for PCA in the age group from 50 to 89 years (Table 2 ). Keratometric astigmatism (KA) and TCA both demonstrated a nasal rotation of the steeper meridian between 70 and 89 years. The anterior and posterior corneal net astigmatisms decreased with age.
Keratometric astigmatism
The 0.9 D WTR astigmatism -expressed as KP (90) 
Posterior corneal astigmatism
The astigmatic power along the horizontal meridian was stable among all age groups, but the power along the vertical meridian (P 90 ) decreased from À0.35 D to À0.23 D from 50 to 89 years (Table 4 , Fig. 2 ). This resulted in a similar reduction in average ATR astigmatism from 0.33 D to 0.20 D, equivalent to a WTR change of 0.03 D per 10 years. The oblique meridional astigmatic powers remained stable throughout all age groups, so no rotation of the posterior corneal meridian was produced.
Total corneal astigmatism
The 0.7 D WTR astigmatism in the age group 20-49 years was reduced by rotation -as for KA -of the astigmatic meridian. The cause of this change was a reduction in P 135 combined with an increase in P 45 .
Gender-based subgroup analysis
The age-related changes in KA varied according to gender. Female eyes displayed an approximate 0.8 D WTR astigmatic neutrality from 20 to 50 years of age, followed by an ATR decay to approximately À0.25 D in the late eighties (Fig. 4) . Conversely, male eyes demonstrated a nearly linear decay from 1.5 D WTR at 20 years to 0.5 ATR for the oldest patients (Fig. 5) . Total corneal astigmatism (TCA) demonstrated similar agerelated changes as for KA. There were no significant gender differences in PCA. The torsional keratometric, posterior and total astigmatisms, expressed as KP (135), were similar for females and males.
Discussion
In the present study of the whole group, all meridional astigmatic powers and polar values were stable in the age groups from 20 to 49 years, followed by an approximate 1.0 D ATR change in KA and TCA, and a 0.12 D WTR change in PCA. These changes were caused by a reduction in both anterior and posterior corneal vertical powers and an increase in anterior corneal horizontal power in the age groups from 50 to 89 years. A nasal rotation of the steep meridian in KA and TCA was noted in the oldest patients. The age-related reduction in the anterior and posterior vertical powers was reported by a previous study, which used the same rotating Scheimpflug camera with measurement of 25 000 data points over the cornea (Ho et al. 2010 ). Conversely, Lam & Douthwaite (2000) observed a steepening of the horizontal meridian with age, but no significant effect on the vertical meridian. However, this early study was based on measurements of only the horizontal and vertical meridians.
The stability in astigmatic direction among the 20-49 years old has not previously been discussed, but may actually be observed among the 3818 eyes in Table 1 of Tonn et al. (2015) and among the 715 eyes in Table 2 of Koch et al. (2012) . Traditionally, agerelated changes in astigmatism have been described with linear regression analysis, hereby assuming a relatively constant change in the entire age span. This description will usually be valid in patients older than 50 years (Gudmundsdottir et al. 2000) , but may be problematic for description of the entire age span ranging from 20 to above 80 years, as performed by Ho et al. (2010) . We therefore selected a nonlinear regression analysis, which provided a definite trend for the agerelated changes. However, there was a large spread of the individual observations around the regression lines and low determination coefficients (r 2 ). The present series disclosed an approximate 0.25 D ATR drift per decade for both KA and TCA in the 50-89 years old. Similar changes in KA (Gudmundsdottir et al. 2000; Asano et al. 2005; Ho et al. 2010; Hayashi et al. 2015 Hayashi et al. , 2017 , TCA (Ho et al. 2010 ) and refractive astigmatism (Asano et al. 2005; Gudmundsdottir et al. 2005 ) have previously been reported. Our observed 0.03 D WTR change during 10 years in PCA is also comparable to the 0.044 D reported by Ho et al. (2010) .
The difference in age-related changes of the anterior and posterior corneal surfaces is caused by their variable refractive index gradients, namely (1.3284-1.0 = 0.3284) for the front and (1.336-1.376 = À0.04) for the back side. Polar value analysis with eqn 4 using corneal curvatures rather than powers revealed average anterior (1/ r Ant) and posterior (1/r Post) corneal curvature changes of À0.72 D and À0.86 D over 10 years. The change in curvature over the two surfaces was therefore similar. This conclusion was also reached by Ho et al. (2010) , who reported average change in 'shape polar values 'of 0.0295 and 0.0224 mm per 5 years for the anterior and posterior radii of corneal curvature, respectively.
The causes of the age-related ATR shift are unknown, but there are many hypotheses for it (Hayashi et al. 1995; Asano et al. 2005) . Grosvenor (1978) suggested that the high pressure exerted by the eye lids in younger patients cause WTR astigmatism, followed by a more spherical corneal shape as the lids become more lax with age. However, experimental studies have provided conflicting results (Wilson et al. 1982; Vihlen & Wilson 1983) .
The PCA averaged approximately 0.25 D ATR in all age groups. As also observed by Ueno et al. (2014) and Tonn et al. (2015) , TCA was lower than KA in WTR eyes. Conversely, for the 80-89 years old with average keratometric ATR astigmatism, TCA was larger than KA. This discrepancy between TCA and KA has practical significance in toric IOL calculation, where measurements based on TCA are recommended (Koch et al. 2013; Ueno et al. 2014; Preussner et al. 2015; Savini & Naeser 2015) .
The age-related change in oblique astigmatism has been examined in three previous studies, none of which reported significant oblique rotations of the steep KA meridian (Bennett 1984; Hayashi et al. 2015; Hayashi et al. 2017) . The cause of the presently described nasal rotation in the oldest patients is not clear. The gender-based difference in agerelated astigmatism is a new observation, which requires confirmation by independent examinations. Female eyes demonstrated the same astigmatic stability and later gradual ATR change as observed for the whole group. Younger male eyes displayed higher WTR astigmatism and a linear decay through all seven decades. Gender may therefore be a confounder for a high WTR astigmatism in younger eyes, but the relative explanatory effect of these two variables requires follow-up examinations and cannot be determined by the present cross-sectional study.
A limitation of our study is its retrospective design. The patient cohort may be biased as it represents a private practice specialized in cataract and refractive surgery. The present study is a cross-section analysis. However, the age-related ATR change of 0.24 D over 10 years is similar to the 0.13 D reported by Gudmundsdottir et al. (2005) in a longitudinal study of refractive astigmatism over 5 years. For this study, we relied on Pentacam Scheimpflug technology, which previously has demonstrated good repeatability (within subject SDs) of 0.09 D and 0.06 D for anterior and PCA magnitudes (Aramberri et al. 2012) .
It has been shown that nonoperated eyes and eyes operated on with phacoemulsification through a temporal corneal incision display similar changes in ATR KA up to 20 years after surgery (Hayashi et al. 2015 (Hayashi et al. , 2017 . In such eyes, a residual ATR astigmatism at surgery will therefore tend to progress with time. However, due to the spread of the observations, the nonlinear correlations in Figs 1-5 cannot be used for predicting the age-related change in the individual eye. Most patients and surgeons will prefer to obtain an elimination of the refractive astigmatism immediately postoperatively rather than in some distant future. Considering the average À0.25 D PCA, a 0.25-0.5 D WTR keratometric target would be appropriate for most eyes following cataract surgery. More precise targets may be derived from TCA with its individual measurement of PCA. We are not aware of studies over age-related corneal astigmatism changes after corneal laser refractive surgery. However, such procedures are usually based on the refractive astigmatism, which already consider the PCA. An elimination of the refractive astigmatism will probably be useful in such eyes.
In conclusion, Scheimpflug imaging revealed that corneal astigmatism is stable until the age of 50; thereafter, both KA and TCA show a 0.25 D ATR change per 10 years. The average 0.25 D ATR PCA, which remains stable in all age groups, compensates the predominant keratometric WTR astigmatism in the younger patients and increases the TCA in the elderly with keratometric ATR astigmatism. A slight WTR target KA -depending on age -appears appropriate for most eyes following cataract surgery. The observed gender-based differences in age-related astigmatism require further studies.
